Three frequently-used reverse transcription-quantitative polymerase chain reaction (RT-qPCR)-based miRNA detection methods, stem-loop RT-qPCR, poly(A)-tailing RT-qPCR, and miQPCR, were evaluated using seven selected rice miRNAs. The results revealed that miRNA abundance and sequence characteristics can affect capability of detection. The stem-loop amplification technique detected highly and moderately abundant miRNAs. The poly(A)-tailing method detected both highly abundant and sparsely present miRNAs, but failed to detect miRNAs with a hairpin structure. Only a few miRNAs were detectable by the miQPCR method. We suggest that a combination of methods should be used for reliable quantitative investigation of miRNAs.
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Key words: microRNA; reverse transcription-quantitative polymerase chain reaction (RT-qPCR); detection method MicroRNAs (miRNAs) are small noncoding RNAs (of about 22 nt) present in eukaryotic cells. They regulate gene expression post-transcriptionally by degrading mRNA or repressing its translation, and play important roles in many biological processes, including cell differentiation, proliferation, and apoptosis. In plants, they are involved in development and the stress response. 1) To carry out various downstream studies of miRNAs, reliable and efficient quantitative detection of these molecules is required. Because it is more sensitive, easier, and less time-consuming than approaches such as cloning, northern blotting, microarray analysis, and deep sequencing, a combination of reverse transcription (RT) and quantitative PCR, or RT-qPCR, is currently the most convenient and practical means of detecting precursor and mature miRNAs. Four well-developed RT-qPCR methods of miRNA detection, each with its own advantages and disadvantages, have recently become established: stem-loop RT-qPCR, 2) poly(A)-tailing RT-PCR, 3) primer-extension RT-qPCR 4) with various improvements, [5] [6] [7] [8] [9] and miQPCR. 10) Although stem-loop RT-qPCR is the most frequently used of these methods, in previous studies we were unable to detect certain rice miRNAs using it. To our knowledge, there has been no comparative investigation of the effectiveness of the various RT-qPCR methods of miRNA detection. To establish a feasible system of rice miRNA detection, in this study we tested three detection methods (stem-loop RT-qPCR, poly(A)-tailing RT-qPCR, and miQPCR) by amplifying seven rice miRNAs (miR164a/b/f, R164c, R164d and R164e, R530-5p, R1846a/b/c-5p, and R1858a/b), [11] [12] [13] [14] [15] [16] [17] selected based on their different sequence characteristics, abundance levels, and putative functions. In addition to evaluating comparatively the applicability of these methods, we analyzed the reasons for their different performances.
Seeds of huajingxian 74, a conventional indica rice cultivar, were soaked in water for 24 h and incubated on wet towels at 37 C for germination. They were then sown in well-moisturized, sterile gardening soil in a 2-L beaker. The seedlings were grown in a growth chamber (27 C, 16-h light 8-h dark) to the 3-4 leaf stage before use. Total RNA from young leaves of the rice seedlings was extracted with Trizol RNAiso Plus (Invitrogen, Boston, MA) and treated with DNase I (Takara, Dalian, China). RNA samples with good quality 28S, 18S, and 5.8S rRNAs were examined by 1.2% formaldehyde degeneration agarose gel electrophoresis, and A 260 /A 280 ratios of 1.9-2.1 and A 260 /A 230 ratios greater than 2.0 were used as templates for RT-qPCR. Seven mature rice miRNAs, differing with respect to sequence characteristics, secondary structure, abundance, and putative function, were selected for RT-qPCR detection (Table 1 ). Their sequences were obtained from the miRBase database (http://www.mirbase.org/). MiR164s differ from one another by only one or two nucleotides, and are highly abundant in rice plants. MiR530-5p is moderately abundant and contains a hairpin structure. MiR1846a/b/c-5p and miR1858a/b are of low abundance. The RT-qPCR primers used in this study are listed in Table 2 . All the primers except for those provided in commercial kits were designed as described in references, 2, 3, 10) and were purchased from Beijing AuGCT Biotech (Beijing, China).
Stem-loop RT-qPCR detection 2) was initiated by reverse transcription (RT) of total RNA using a 45-nt stem-loop RT primer whose 3 0 -8 nt was reverse complementary to the 3 0 -8 nt of the respective miRNAs tested and a PrimeScript RT reagent kit (Takara). qPCR amplification was performed with a SYBR Premix Ex Taq II kit (Takara). The PCR mixture consisted of 12.5 mL the SYBR Premix Ex Taq II, 0.6 mL each of the forward and reverse primers (10 mmol/L), 2 mL of the cDNA, and sufficient RNase-free H 2 O to yield a final volume of 25 mL. Amplifications were performed by the y To whom correspondence should be addressed. Tel: +86-20-8528-0306; E-mail: ghzhou@scau.edu.cn Abbreviations: RT-qPCR, reverse transcription-quantitative polymerase chain reaction; Tm, melting temperature; Ct, cycle of threshold Bio-Rad CFX-96 Real Time System (Bio-Rad, Hercules, CA) under the following cycling conditions: 95 C for 1 min followed by 40 cycles of 95 C for 15 s, 60 C for 30 s, and 72 C for 45 s. Poly(A)-tailing RTqPCR detection 3) was done beginning with polyadenylation and reverse transcription with a One Step PrimeScript miRNA cDNA Synthesis kit (Takara) with the oligonucleotides provided, followed by qPCR amplification with a SYBR Premix Ex Taq II kit (Takara). The PCR mixtures contained 12.5 mL of SYBR Premix Ex Taq II, 1 mL of forward primer (10 mmol/L), 1 mL of Uni-miR qPCR Primer (10 mmol/L), 2 mL of cDNA, and RNase-free H 2 O to a final volume of 25 mL. The PCR cycling conditions were 95 C for 30 s followed by 40 cycles of 95 C for 5 s and 60 C for 30 s. MiQPCR detection 10) involved the ligation of a 3 0 -blocked-5 0 -adenylated adaptor to the 3 0 -end of the miRNAs and reverse transcription was conducted using a MiraMas kit (Bioo Scientific, Austin, TX) with the adaptor and primers provided, followed by qPCR amplification with a SYBR Premix Ex Taq II kit (Takara). The 30-mL PCR mixture contained 15 mL of SYBR Premix Ex Taq II, 9 mL of cDNA, and 3 mL of each forward and reverse primer (1 mM). Amplification consisted of 95 C for 2 min followed by 40 cycles of 95 C for 10 s and 60 C for 30 s. The U6 small nuclear RNA (snRNA) gene of rice was used as reference gene, and RNase-free distilled water was used as a no-template control for all three quantitative detection methods. Three technical replicates of each sample were amplified by each detection method. After completion of PCR cycling, dissociation curves were generated at 95 C to verify specificity. In addition to analyzing the qPCR data, detection results were examined by 2.5% agarose gel electrophoresis of the qPCR products amplified from the three methods. To establish standard curves, we carried out qPCR amplification of cDNAs (RT products of the miRNAs and the internal control) and 10 À1 to 10 À5 dilutions of them. In the cases of miR1846a/b/c-5p and miR1858a/b, which had C t values larger than 30 due to low abundance, their qPCR products were then diluted 10,000-fold for use as standard templates in subsequent reactions. To generate standard curves, a second round of qPCR was conducted using the standard templates and 10 À1 to 10 À5 dilutions of them. The RT-qPCR products of the seven miRNAs were purified with an Agarose Gel DNA Purification kit (Takara), and were ligated to a pMD18-T vector (Takara). Competent cells of E. coli isolate JM109 were used in plasmid transformation. Recombinant plasmids were selected by white/blue screening, isolated from overnight culture with a High Purity Mini-Prep Plasmid Isolation kit (BioTeke, Beijing, China), and sequenced by Beijing AuGCT Biotech (Beijing, China). At least three clones from each ligation were sequenced. The resulting sequences were compared with known miRNA sequences to confirm the RT-qPCR detection results. By stem-loop RT-qPCR, we detected miR164a/b/f, R164c, R164d, R164e, and R530-5p with C t values of 19-27, but failed to detect miR1846a/b/c-5p or R1858a/b (C t > 35). This result was confirmed by electrophoresis (Fig. 1A) and sequencing of the qPCR products. The sequences obtained from the cloned amplicons of the five detectable miRNAs contained the qPCR forward primer sequence, in which the first ten 3 0 -nucleotides were identical to the first ten 5 0 -nucleotides of the mature miRNA, the entire sequence of mature miRNA, and a partial sequence of the stem-loop primer that included the reverse primer combination site.
2) Dissociation curve profile analysis indicated that detection of these five miRNAs was of good specificity (with single peaks at 80-85 C), whereas the two nondetected miRNAs had double peaks (Fig. 2) , possibly caused by primer dimers or nonspecific amplification. Standard curves for the five miRNAs were created by serial dilution of their RT products. The curves had R 2 values (coefficients) of 0.993-0.999, detection efficiencies (E ¼ 10 À1=slope À 1) in a plausible range of 92.8-111.1%, and slopes of À3.508 to À3.082.
All the miRNAs except for miR530-5p were detected with C t values of 20-25 by the Poly(A)-tailing RT-qPCR method (the first round of amplification). A second round of qPCR amplification made possible the detection of miR1846a/b/c-5p (C t ¼ 16:4). These results were confirmed by electrophoresis (Fig. 1B) and sequencing. The failure of amplification of miR530-5p may have been due to self-dimer formation, as was possible based on the 3 0 -end sequence of the forward primer. miR164a/b/f, R164c, and R1846a/b/c-5p were selected for standard curve analysis, and good values were obtained for R 2 (0.995-0.999), detection efficiency (91.0-102.4%), and slope (À3.557 to À3.266). Single peaks at approximately 79 C were observed for all three dissociation curves (Fig. 3) , indicating excellent detection specificity. Figures 1C and 4 show the results for miQPCR detection. Ct values of approximately 35 were associated with miQPCR amplification of miR164s, and no peaks were observed on their dissociation curves. MiR530-5p and R1846a/b/c-5p were not detectable either, probably due to the poor structure of their forward primers. The only successfully amplified miRNA was miR1858a/b, which was detected after optimizing the method by performing a second qPCR amplification round (C t ¼ 13:9). A standard curve and a melting curve for miR1858a/b were generated at R 2 ¼ 0:998, detection efficiency ¼ 105:4%, slope ¼ À3:521 and a single peak at 79. 5 C, indicating acceptable detection quality.
In this study, we evaluated three SYBR Green qPCRbased detection methods using seven carefully selected rice miRNAs of four families. These miRNAs have multiple important biological functions and different sequence characteristics (e.g., GC content and secondary structure), and show different levels of abundance (Table 1) . MiR164s, which differ from one another by only 1-2 nt, were used to test the specificity of the three RT-qPCR methods. This experimental design allowed us to test and evaluate these methods adequately.
Stem-loop RT-qPCR 2) is a highly efficient, sensitive, and specific method of miRNA detection that is widely used by researchers. Because neither polyadenylation Three RT-qPCR-Based miRNA Detection Methodsnor adaptor ligation is required, this technique is more convenient and less expensive than the other two. In this study, we were able to detect five miRNAs, but not miR1846a/b/c-5p and R1858a/b, using stem-loop RT-qPCR. Several attempts to optimize miR1846a/b/ c-5p and R1858a/b detection by changing stem-loop, forward, and reverse primers were also unsuccessful (data not shown). MiR1846a/b/c-5p and R1858a/b were probably expressed at very low abundances, as they are represented by only 43 high-throughput sequencing reads in miRBase 19.0. In addition to their low abundances, the GC-rich structures of these two miRNAs at their 3 0 -ends (Table 1 ) and the significant Tm differences between their forward and reverse primers may have contributed to difficulties in reverse transcription and PCR amplification that affect qPCR performance. Although a pre-amplification round might improve detection sensitivity, 18) in this case, amplification of miR1846a/b/c-5p and R1858a/b by a second round of qPCR following the stem-loop amplification was unsuccessful (data not shown).
The two miRNAs showing low abundance, MiR1846a/b/c-5p and R1858a/b, were detectable by the poly(A)-tailing method when second-round PCR amplification was performed. This method was thus able to detect both the highly abundant miRNAs (miR164s) and the sparsely abundant ones (miR1846a/b/c-5p and miR1858a/b) (Fig. 1B) . Lower C t and higher peak values were obtained by amplification of miR164s, demonstrating the superior performance of this technique over the stem-loop method. Primer design for the poly(A)-tailing method is extremely simple, as fixed RT and reverse primers, and a forward primer usually identical to the mature miRNA sequence, are used. Using the entire mature sequence as forward primer is likely to raise qPCR specificity. In some cases, however, this might result in poor flexibility in primer selection, especially when the miRNA sequence has a problematical secondary structure or excessively low melting temperature, limiting the method's effectiveness. In our study, the mature miR530-5p sequence (5 0 -TGCATT-TGCACCTGCACCTA-3 0 ) was found to contain hairpin structures (sequences italic and underlined), which might account for its undetectability. To evaluate the efficiency of the poly(A)-tailing method for the detection of mature miRNAs with hairpin structures, we selected two further hairpin-containing miRNAs, miR396e-3p (5 0 -ATGGTTCAAGAAAGCCCATGG-AAA-3 0 ) and miR530-3p (5 0 -AGGTGCAGAGGCAGA-TGCAAC-3 0 ), and tried to detect them by this method. In the event neither was detected, with double peaks for miR396e-3p and no peak for miR530-3p on the melting curves (data not shown), confirming the undetectability of hairpin-containing miRNAs by the poly(A)-tailing method.
The miQPCR method is similar to the poly(A)-tailing method in terms of theory and protocol. In view of the robust character of RNA ligase and greater flexibility in miRNA-specific primer design, Benes et al. 10) have claimed that miQPCR has better specificity, sensitivity, and efficiency than poly(A)-tailing. In our study, miR1858a/b was detectable after a second round of qPCR (Figs. 1C and 4) , suggesting that the miQPCR method has potential for the detection of sparsely abundant miRNAs. Overall, however, this method was the least successful: the other six miRNAs were undetectable. This inferior performance may have been due to a poor match between the reverse primer (of fixed sequence) provided in the commercial kit and the forward primers for the six miRNAs. Re-evaluation of this method with additional miRNA samples and different reverse primers is warranted.
The advantages and disadvantages of the three frequently used RT-qPCR-based miRNA profiling methods have been reviewed comparatively. 9, 19) It has been suggested that to some extent the stem-loop method is more sensitive, whereas the poly(A)-tailing method is more specific. We found that both the stemloop and the poly(A)-tailing method can be used to detect highly abundant miRNAs at similar levels of accuracy and specificity (as confirmed by sequencing). Because the stem-loop method, unlike the poly(A) method, cannot detect sparsely abundant miRNAs, we consider the poly(A) method to have been the superior choice for the detection of miRNAs in our study. A polyadenylation step is required, but the availability of commercial kits has lessened this inconvenience.
In general, all RT-qPCR-based methods show high reliability and applicability in miRNA detection, and can be used to discriminate specifically between closely related mature miRNAs with sequence differences as small as one nucleotide, [2] [3] [4] 9) including the miR164s in this study. None of these methods, however, was useful for distinguishing different miRNAs with identical mature sequences within a family, such as rice miR164 a, b, and f, or miR1858 a and b. Hence, investigation of these types of miRNAs must include specific quantification of their precursors. 20) Our results indicate that the poly(A)-tailing RT-qPCR is the best method of miRNA detection, but none of the three methods tested could detect all seven miRNAs. Their abundance and sequence characteristics may affect their detectability with respect to each method. The stem-loop method is not available for miRNAs of low abundance, and poly(A)-tailing RT-qPCR is not available for those of a hairpin structure. A combination of more than one RT-qPCR method may thus be necessary to establish reliable detection of miRNAs of interest. The results obtained in this study should be helpful in establishing efficient detection of rice miRNAs, and can serve as a general reference for the comparison of different detection methods. To our knowledge, this is the first reported comparative evaluation of different RT-qPCR-based detection methods that uses a small number of miRNA samples covering various representative characteristics.
